Purpose This study explores the effect of varying organic matter content on the potential human health risk of consuming vegetables grown in urban garden soils. Results and discussion Overall, the consumption of lettuce and green bean pods grown in some urban gardens posed a potential human health risk due to unacceptably high concentrations of cadmium or lead. In many cases, compost amendment increased the accumulation of metals in the vegetables. Even in soils considered uncontaminated by current guidelines, some hazard quotients exceeded the threshold value of 1. The compost used in this study had a high fulvic acid to humic acid ratio, which may explain increased concentrations of metals in plants grown in compost-amended soils.
families (Kasuya 2000) . Pruvot et al. (2006) calculated that the consumption of homegrown vegetables and crops (lettuce, leeks, cereals) in Northern France was a major contributor to total Cd and Pb exposure. Similar reports have been made for urban garden crops grown in France (Albering et al. 1999) , United Kingdom (Hough et al. 2003) , USA (Finster et al. 2004) and Australia (Kachenko and Singh 2004) .
The decline in agricultural soil productivity due to erosion, runoff and loss of organic matter (OM) has stimulated interest in OM amendments including municipal organic waste, sewage sludge, agricultural waste, animal manure and industrial byproducts (Stevenson 1994) . As in agriculture, compost application is the most common input of OM to urban gardens. Soil OM improves soil structure through the formation of cationic bridges (Hernando et al. 1989) . It also increases soil fertility and water retention, and influences chemical speciation (Soumare et al. 2003) .
Research on the role of OM in metal mobility presents apparently contradictory results. Soil OM has a high binding capacity for cationic and organic contaminants (Stevenson 1994) , which might lead to immobilization of metal ions. For example, compost amendments significantly reduced metal accumulation by vegetables and human exposure to As (Cao and Ma 2004) . In other studies, however, the degradation of OM released low molecular weight organic acids (such as malate and citrate) that bound metals and increased metal solubility. For example, a drastic increase in As leached from soils was observed following the addition of compost (Mench et al. 2003) . Furthering the discrepancy, Fitz and Wenzel (2002) concluded that OM did not significantly affect As movement in soils. These differences reported for As have also been reported for other metals. For example, McBride et al. (1997) modeled the solubility of metals in soil solution in response to total metal content, pH and OM. While OM could be used to model Cu solubility for one data set, in which Cu was the only soil contaminant, they failed to find a consistent influence of OM on Cd, Cu, Pb and Zn solubility in the second data set, in which a range of soils contaminated by a number of metals was used. The lack of a clear relationship between OM and metal solubility is likely due to variations in the composition of the OM, specifically the proportions of dissolved and solid OM.
The majority of OM exists in the solid phase rather than in solution (DeBoodt et al. 1990) , as a result it can form various complexes and may be insoluble, protonated, bound to the interlayer of clay minerals or adsorbed on clay or oxide surfaces ). Many studies have implicated solid phase OM in the retention, decreased mobility and reduced bioavailability (i.e., reduced uptake into plants) of metals (Lion et al. 1982; Sanders 1980; Strawn and Sparks 2000) .
Dissolved organic matter (DOM) is composed of several small molecules and is functionally defined as that which can pass through a 0.45 µm filter (Stevenson 1994) .
The proportion of DOM in soils is small when compared to the solid phase OM and/or the mineral matrix. Regardless, soil DOM influences important soil functions including physical stability (Rillig and Steingberg 2002) . Up to 70% of DOM consists of humic (HA) and fulvic (FA) acids (Weng et al. 2002) . These low molecular weight acids have carboxyl groups which attribute binding capacity, where the maximum binding capacity of the humic substance for any metal ion is approximately equal to the number of acidic functional groups (Stevenson 1994) . Complexation of HA and FA with metal ions can alter the solubility of both the ligand and the bound species (Piccolo et al. 1992 ).
Among urban gardeners, compost is often proposed as a suitable material for vitalizing the soil. Traditionally, compost amendments are believed to immobilize metals thereby reducing toxicity. However, the type and quality of the compost will determine its effect on metal solubility. For example, Walker et al. (2004) found that both cow manure and composted leaves, when added to soil, resulted in decreased concentrations of Mn, Pb and Zn in shoots of Chenopodium alba L. but the concentrations were 2-10 times lower in plants grown with cow manure. In addition, amendment with cow manure resulted in 50% lower concentrations of Cu in the shoots whereas composted leaves resulted in a 25% increase. This contrasting effect of the two soil amendments was attributed to the cow manure being able to keep the soil pH above 6.0 while the composttreated soil reached a pH of 4.4 after 83 days. In addition to the effects of compost on soil pH, the relative proportions of solid phase OM and DOM in the compost might affect metal accumulation in edible tissues and consumption of such vegetables could pose a risk to human health.
Risk assessment aims to characterize the potential adverse health effects of human exposures to environmental hazards (Markus and McBratney 2001) . Quantitative guidelines for assessing risks associated with soil contamination are difficult to establish due to the complexity of the system. One solution is to establish maximum acceptable concentrations of metals in soils to be used for agriculture (cf., CCME 2006). Such guidelines are generally based on simplified assumptions about soil types and site conditions (Grasmuck and Scholz 2005) and thus may over-or underestimate potential risk. A second approach is to calculate a bioconcentration factor, which describes the concentration of a metal in the plant relative to the concentration in the soil (e.g., Antunes et al. 2006) ; the higher the bioconcentration factor, the more mobile the metal. A more direct, but labor-intensive, approach involves calculating a hazard quotient: the ratio of the amount of metal in a serving of food to the amount of metal known to be hazardous as determined through toxicity tests (Pierzynski et al. 2005) .
In this study, the effect of compost amendments on bioconcentration factors and hazard quotients for selected vegetable species grown in metal-enriched soils was measured in order to assess the need to include OM when setting guidelines for urban garden soils.
Materials and methods

Soil preparation
Soils were obtained from the topsoil layer (25 cm) of three urban gardens in Montréal, QC: Baldwin (W), Despina (D) , and St. Gerard (S). Two other soils were obtained from the Blackfriar's community garden in London, ON. One of these samples was taken from the garden plot (A), the other was taken from under the local compost pile (B). Compost, consisting of decomposed grass clippings and leaves that were collected from lawns and flower gardens on the university campus, was obtained from the with sieved soils to yield three proportions of compost (0, 9 and 25%). These mixtures represent the range of proportions of compost that an urban gardener might mix into the soil. The 15 soil/compost mixtures (5 soils x 3 compost mixtures) are henceforth referred to as the experimental soils.
Soil characterization
Metal content of the soil
Acid digestion for metal content followed the United States Environmental Protection Agency (US EPA) test method SW-846 (US EPA 2005) . This procedure extracts all metals except those tightly bound to silicates, which are not bioaccessible under natural conditions. For three replicates of each of the 15 experimental soils and of the compost, 1.0 g soil and 1 ml OmniTrace® nitric acid (EMI Chemicals Inc., Gibbstown, USA) were placed in a glass test tube capped with a glass marble. Samples sat overnight at room temperature, then were digested at 100 Table 1 .
Other physicochemical properties of the soil
Triplicate samples of the 15 experimental soils and of the compost were analyzed for four soil properties. Organic matter content was measured via loss on ignition at 500ºC for 12 h (Heiri et al. 2001) . Soil conductivity was measured after equilibration for 30 min in deionized water at a 10:1 liquid: soil ratio with a HI 8033 electrode (Hanna Instruments, Laval, Canada) calibrated at 25ºC and 1413 µS cm -1 . The supernatants of these solutions were then measured for pH using a glass electrode calibrated at pH 4 and 10. Soil texture was determined using a sedimentation method adapted from Diaz-Zorita et al. (2002) , which involved physical fractionation of sand, silt and clay particles suspended in 1% sodium pyrophosphate.
Soil organic matter extraction and fractionation
Concentrations of FA and HA in the experimental soils and compost were determined in triplicate following an adapted method of Bourbonniere and Creed (2006) .
After preliminary extraction tests, 6 g of each sample were shaken (145 rpm) at ambient temperature in 200 ml of deionized water for 12 h. The resulting extracts represent the DOM that might be present in the rhizosphere. Extracts were filtered successively through three media: (1) nominal 1.5 µm glass-fibre pad (Whatman 934-AH), (2) nominal 0.5 µm glass-fibre pad (Macherey-Nagel GF2), (3) sterile 0.45 µm polysulfone membrane. To minimize contamination with airborne microbes, the final filtration was conducted in a sterile laminar-flow hood. Subsamples of each whole filtered extract (WF) were acidified to pH <2 using 1 N HCl and stored at 4°C for 24 h. These samples were then filtered through sterile 0.45 µm polysulfone membrane to collect the fraction of DOM characterized by FA. Following filtration, both WF and FA samples were analyzed for DOC using a Shimadzu TOC-5000A C analyzer, after dilution with Milli-Q water and removal of dissolved inorganic C by acidification and sparging. The concentration of total DOC is the value obtained from the WF fraction, the concentration of FA is the value obtained from the FA fraction, and the concentration of HA is the difference between WF and FA.
Chemical speciation and distribution modeling
Chemical speciation and distribution modeling (NICA-Donnan) of Cd, Cu, Pb, and 
Pot trials
Three crop species, green bean (Phaseolus vulgaris L.), lettuce (Lactuca sativa L.)
and carrot (Daucus carota L.) were chosen for study because they are commonly grown in urban gardens in Canada and they represent a seed, leaf and root crop, respectively.
Seeds were imbibed on moist filter paper then potted in each of the 15 experimental soils, one plant per 10 cm diameter pot, 3 replicates per soil type. The pots were placed in a growth chamber with cool white fluorescent lighting, on a 16 h photoperiod with day and night temperatures set to 20 and 16ºC, respectively. Pots were watered daily to 75% field capacity with deionized water. Plants were harvested upon maturation of the edible tissues: green bean pods, lettuce leaves and carrot tap roots were harvested at 64, 55 and 79 days of growth, respectively. Lettuce leaves and carrot roots were rinsed in deionized water to remove soil and blotted dry. All plant tissues were dried to a constant weight in a 60°C oven.
Plant tissue analysis
Plant tissues were analyzed for total metal content following EPA test method SW- Technology, Gaithersburg, USA) were similarly processed and analyzed (Table 1 ). The metal content of digested plant tissues was determined using ICP-OES, as described above for soil.
Statistical analysis
Soil metal content and general soil properties were analyzed by one-way ANOVA.
For all ANOVA where significant (P < 0.05) main effects were detected, Tukey's test of multiple comparisons was used. Pearson product-moment correlation coefficients were used to measure the strength of relationship between BCF and concentrations of soil HA and FA. Correlations were declared significant at P < 0.05.
All statistics were performed using SigmaPlot Version 11. Normality, homogeneity of variance, and correlation tests were undertaken prior to data testing. For some data sets, a natural logarithm transformation of the data was used to satisfy the assumptions of normality and variance homogeneity.
Bioconcentration factors
To assess the relative mobility of Cd, Cu, Pb and Zn across soil types, bioconcentration factors (BCF) were calculated using equation 1 
Screening level risk evaluation to human health
In terms of potential risk to human health, ingestion of vegetables was the only exposure pathway considered in this study. Although not all of the food ingested is bioavailable (i.e. absorbed by the body from the intestinal tract) to humans, the rate of consumption of contaminated foods is a valuable estimate of potential health risk (Pierzynski et al.2005) . The average daily dose (ADD) was calculated using equation 2 The non-carcinogenic risk of vegetable consumption was characterized using a hazard quotient (HQ), which is the ratio of the ADD to the reference dose (RfD) for each metal (Pierzynski et al. 2005 
Results
Soil characterization
Soils W, D, S and B had concentrations of at least one metal above the Canadian Soil Quality Guidelines (Fig 1) . In soil W, concentrations of Cd and Zn were just over the CCME (2006) limits and the concentration of Pb was approximately 2 times the limit.
Soil D had 2.5 times the limit for Pb and was just over the limit for Zn. Soil S was the most contaminated of the garden soils, with 6 times more Cu, 5 times more Pb and 1.3 times more Zn than the recommended maximum for agricultural soil. The concentrations of metals in soil A were well below the CCME (2006) limits. Soil B had 1.6 times the acceptable concentration of Pb. In general, the concentrations of metals in the soil were diluted as compost was added (Fig 1) . A notable exception was for Cd in soils D, S, A and B, for which background concentrations of Cd were 2-5 times lower than in the compost.
Fifteen experimental soils and the compost were analyzed for organic matter content, conductivity, pH and texture (Table 2) . OM content ranged from 6.9% to 18.5%
in the experimental soils. The compost OM was 30.8%. Conductivity values were between 400 µS cm -1 and 1330 µS cm -1 . Only soil B and the compost had conductivity and OM content values significantly higher (p<0.001) than the others. All experimental soils had a pH around 8; compost had a significantly lower pH (7.3, p<0.001).
Decreases in pH and percent sand were recorded for all compost additions, yet no reductions were significant. These changes in soil properties as a result of compost additions were due to a dilution effect caused by mixing of the compost with the soils. Chemical speciation and distribution modeling was used to predict free metal ions as well as dissolved organic ligands in the experimental soils (Table 3) . In soils W, D, A and B over 93% of the total Cd was predicted to be the free ion. In soil S, the predicted proportion of free Cd 2+ was 21%, 51% and 86% in soils amended with 0, 9 and 25% compost, respectively. The only metal that had a consistently high proportion bound to FA and HA was Cu; the estimated distributions of Cu were more evenly spread among Cu 2+ , FA-Cu and HA-Cu, and did not vary with compost amendment except for soil S in which free Cu 2+ increased from 11.5 to 71.6% of the total Cu. For Pb and Zn, the patterns were similar to that of Cd, with most of the Pb (>81%) and Zn (>98%) being predicted to be in ionic form, except for soil S in which free ions were predominant only in the soil with the highest compost amendment.
Metal uptake by vegetables
Due to the large size of this data set (15 experimental soils x 3 vegetables x 4 metals = 180 average values), the individual concentrations of each metal in the plant tissues have not been included in this paper. In terms of risk assessment, the relative translocation of metals from soil to plants (BCF) and the amount of metal potentially consumed (HQ) are more relevant than the absolute concentration of metal; therefore, we will report only the ranges in metal concentration for each species.
Green bean
Concentrations of Cd in all green bean pods were under the limit of detection (i.e., The BCF values for green bean pods are shown in Fig. 3a, d , g and j. It was not possible to calculate BCF for Cd because that metal was not detected in this tissue. The BCF values for Cu, Pb and Zn were all below 0.4, indicating that these metals did not bioconcentrate in the bean pods. Addition of compost resulted in increased translocation of Cu into the bean pods in all soils except W (see Fig. 3d ), increased Pb in bean pods grown in soils W and B (see Fig. 3g ), and increased Zn in bean pods from soils W, S and B (see Fig. 3j ). The only case for which addition of compost reduced the metal concentration in the bean pods was for Zn in soil A (see Fig. 3j ).
Over all soils, no significant relationship was found between the green bean BCF and FA in the soil for Cd (below detection limit), Cu, Pb or Zn (Table 4 ). The only metal with a significant relationship to HA was Cu. Given the estimated proportions of metals bound to FA and HA responded very differently to compost addition in soil S (see Table   3 ), additional correlations were calculated for this soil independently of the others.
Within soil S, the concentration of FA was positively correlated with the BCFs for Cu and Zn (see Table 4 ).
Lettuce
Lettuce sown in soil S with 25% compost did not germinate. Lettuce BCF values are plotted in Fig. 3b , e, h and k. BCF values for Cd (see Fig.   3b ) were generally higher than those of the other metals, indicating that Cd is the most mobile element of the four. Nonetheless, all BCF values were below 1.0, indicating that the metals did not bioaccumulate in lettuce. Addition of compost resulted in higher Cd BCF values in soils D, A and B (see Fig. 3b ). Compost had little effect on the Cu BCF, except in soil A for which the lettuce grown in the 25% compost mixture had a 7-fold lower BCF value and soil B for which addition of compost resulted in 30% higher BCF values (see Fig. 3e ). Addition of compost had no effect on the BCFs for Pb and Zn with one exception; lettuce grown in soil W with 9% compost had an unexplained 40% increase in the BCF for Pb.
In lettuce, FA in the soils was positively correlated with Zn, and HA was negatively correlated with Cd (see Table 4 ). No other significant relationships were found between HA or FA in soil and lettuce BCF. When soil S was analyzed independently, positive correlations were found between FA and the BCFs for Pb and Zn.
Carrot
Concentrations of Cd and Pb in all carrots were below the detection limits (i.e., Neither Cd nor Pb were measured in carrots, hence the corresponding BCF values could not be calculated. Neither Cu (Fig. 3f) nor Zn (Fig. 3l ) bioaccumulated in carrot.
Addition of compost reduced the BCF for Cu for carrots grown in soil D, but increased the BCFs for Cu in soils S and B (Fig. 3f) . Compost resulted in lower BCF values for Zn in soils W and D and a higher BCF value in soils A and B (Fig. 3l ).
No significant relationship was found between BCF and either HA or FA in the soils for carrot (see Table 4 ). However, in soil S a positive correlation was found for FA and the BCF for Cu.
Screening level risk evaluation to human health
Green bean
Estimated HQ values for bean are shown in Fig. 4a, d , g and j. The only metal with some HQs exceeding the threshold value of 1 was Pb (see Fig. 4g ). 
Lettuce
The HQ values for lettuce are plotted in Fig. 4b , e, h and k. The HQs for Cd (see The only HQ that seemed affected by compost was in soil S with 9% compost, in which the HQ doubled relative to unamended soil. Lettuce did not pose a potential risk with respect to consuming an unacceptable amount of either Cu (Fig. 4e) or Zn (Fig. 4k) ; however, the corresponding HQs appeared to increase with compost amendment for plants grown in soil W, and with 9% compost in soil S.
Carrot
None of the HQs for carrot exceeded 0.15 (see Fig. 4c , f, i and l), indicating no potential human health risk associated with the consumption of carrots, even those grown in contaminated soils.
Bioavailability of metals to plants as a function of soil physicochemistry
This study demonstrates that vegetables grown in contaminated soils accumulated metals, but the edible tissues with the highest concentrations of metals did not necessarily come from plants grown in the most contaminated soil. If there had been a positive relationship between concentrations of metal in the soil and metal bioavailability, then vegetables grown in soils with metals above agricultural limits set forth by the CCME (2006) might be expected to be unsafe for human consumption. Specifically, plants grown in soil S might be expected to pose the greatest potential risk to consumers, and plants grown in soil A might be expected to contain low concentrations of metals.
However, it would be naïve to think metal bioavailabilty should be directly proportional to the concentration of metal in the soils. Metal bioavailability is not only a function of total soil metal content but is also strongly influenced by soil properties such as pH and clay content. In general, metal solubility increases as pH decreases. The soils in this study had similar pH values (8.0 to 8.2); therefore, differences in metal uptake among the soils were not likely due to an influence of pH on metal solubility. Metal ions readily adsorb to clay micelles and they might be expected to be less available to plants grown in soil D, which had high clay content (27%) relative to the other soils (0-19%).
Metal bioavailability also varies with OM content. Given the slightly lower pH (7.7 to 7.9) and the increased conductivity upon addition of compost, one might expect metals in amended soils to be more bioavailable (Sinha et al. 2006; Walter et al. 2006) ; however, these soils also have increased OM content, which could result in reduced metal bioavailability (Ali et al. 2004 ). BCFs were calculated in order to determine the relationship between metals in the soil and metal accumulation in the edible plant tissues. systems, such as the soils used here, is ascribed to competition of metal ions for exchange sites at the soil surface, as well as competition for transport at the root plasma membrane (Hart et al. 2002) .
Across all soils and vegetables, the metals in increasing order of bioavailability were Cd > Zn > Cu > Pb. This is in accord with the order reported for five vegetables suggests that increased bioavailability due to altered pH and/or conductivity might prevail over decreased metal availability arising from complexation with OM. However, the direct influence of compost composition (e.g., HA to FA content) on metal bioavailability is also important (Unsal and Ok 2001).
Influence of organic matter on bioavailability of metals to plants
Of the 45 vegetable/soil combinations reported in Fig. 3 It has been suggested that FA, unlike HA, is capable of increasing metal bioavailability (Plaza et al. 2006) . Of the two, HAs have a higher molecular weight, proportionately fewer carboxyl groups and more S atoms (Plaza 2006; Stevenson 1994) , which may result in a higher binding affinity for metal ions. The relative bioavailability of metals complexed with HA and FA has not been studied; however, toxicity of Cd and
Zn to the green alga Pseudokirchniella subcapita was greatly reduced when the metal was complexed with HA as compared to FA (Koukal et al. 2003) . In this study, measurements of HA and FA in the DOM compost fraction were used to assess compost quality. The average HA:FA ratio of 0.54 is far lower than the suggested mature ratio of 3.55 (He et al. 1995) , indicating that the compost used was not fully decomposed. Thus the addition of compost, and subsequent increase in FA, in each of the amended soils may be responsible for the increased plant metal uptake upon compost addition observed in this study. However, when data from all soils were combined poor correlations between partitioning of the operationally defined DOM (HA and FA) and BCF \ of each metal were found (see Table 4 While compost increased metal bioavailability in many cases, the pattern was not consistent within any one soil, metal or vegetable. Differences between plant species' ability to accumulate metals are widely recognized and so it should be no surprise that different responses to varying compost (especially FA content) additions also exist. This may be due to species differences in plant-induced changes in the rhizosphere. For example, it is possible that some species' roots produce exudates that alter rhizosphere chemistry such that FA-or HA-metal complexes are more (or less) stable. Metal concentration in the soil can also alter metal bioavailability. Stevenson (1994) theorized that DOM complexation of metals increases their solubility, mobility and availability under deficiency conditions while complexation of highly available metals results in a sequestering effect where soil metal is high. Further investigation is warranted to determine the merit of including OM and DOM status of the soil when setting guidelines for acceptable metal content.
Assessing risk to human health
Urban gardening has increased in popularity among many socioeconomic groups (Harris 2000) . It is an important source of fresh produce and reduces food costs (Finster et al. 2004 ). In soils, OM enhances soil structure, retention of nutrients, microbial biodiversity and resistance to erosion (Jenny, 1961) and compost amendment has been shown to increase the bioavailability of N, P, K to plants (Chaoui et al. 2003) .
However, one must balance the positive aspects of urban gardening with the potential hazards. Of particular interest, soils considered uncontaminated by Cd posed a potential health risk for consumers of lettuce. Soils D, S, A and B had less than 40% the allowable Cd, yet their lettuce HQs ranged from 3.5-10.5. In contrast, in soil D, which was considered mildly contaminated by Zn, all vegetables had HQs less than 1.
Similarly, 5 vegetable species grown in an agricultural soil where Zn was 10% above the allowable limit had HQs below 1 (Murray et al. 2009 ). This is also in agreement with
Sipter et al. (2008) who reported non-toxic concentrations of metals in vegetables that were grown in contaminated soils. Clearly, food safety guidelines that rely solely on metal content of the soil do not accurately reflect the potential risk to consumers.
The potential human health risk assessment in this study varied with vegetable species. Lettuce showed the highest HQs for all four metals and 50% of the samples analyzed were considered potentially hazardous. This is in contrast to green bean pods and carrot, where only 13% and 0% of samples analyzed, respectively, had HQs greater than 1. Harrison (2001) found similar results and concluded that plant leaves often have higher metal concentrations than stems, making leafy vegetables grown under contaminated conditions a greater potential risk to human health. Guidelines may have to differ among vegetable species or type of vegetable. As seen for green bean pods and lettuce, some crops accumulate potentially hazardous concentrations of metals in soils that are below current guidelines and some crops accumulate safe concentrations of metals in soils that appear toxic.
Ultimately, the goal of setting appropriate soil metal guidelines is fueled by the need to protect human health. Assuming a body weight of 86.2 kg, it is recommended that males consume 10 servings of vegetables per day from the nutritional point of view (Health Canada 2008) . The human health risk assessment presented here assumes conservatively that this vegetable consumption is entirely green bean, carrot or lettuce.
However, if the vegetables grown in this study contributed only 10% of the 10 serving daily diet, all corresponding HQs would fall below 1. It would be prudent to take daily vegetable servings from a variety of sources.
Future directions
The results of this study could not conclusively account for the change in bioavailability of metals to plants upon compost amendment. Although the compost used in this experiment contained no visible traces of plant material, its low HA:FA ratio (0.54) indicates that decomposition was not complete. Fresh organic wastes are rich in nonspecific soluble organic compounds such as amino acids and polysaccharides. These compounds can increase metal solubility immediately following addition to the soil via formation of soluble organo-metallic complexes (Shuman 1999) . Similarly, the presence of numerous organic ligands (e.g., citric acid, oxalic acid, formic acid and succinic acid) in the rhizosphere are known to increase leaching of Zn, and presumably other metals, from soil (Burckhard et al. 1995) . Thus there is need for further study to examine the character and concentration of these organic ligands in compost amendments and their correlation, if any, with soil metal bioavailability.
Concentrations of HA did not vary sufficiently among the experimental soils in this study to determine its impact on metal bioavailability to plants. In contaminated soils, Chen (1996) and Halim et al. (2003) found that HA addition decreased metal toxicity while Christensen and Christensen (1999) concluded that HA can also increase metal bioavailability as fragments of HA form metal chelates which are readily taken up by plants. Humic acid may be important in the solubility of certain metals only, and further investigation is warranted.
Conclusions
This urban garden study demonstrated that three vegetables grown in contaminated soils accumulated metals to varying levels. In general, our data suggest that leafy crops are most likely to pose a potential health hazard to consumers.
The application of a FA-rich compost often increased the BCFs of Cd, Cu, Pb and Zn for green bean pods, lettuce leaves and carrot roots. This highlights the importance of DOM surface sites in trace element bioavailability and the potential for FA to alter metal solubility in the rhizosphere. While metal transfer from amended soil to edible tissues was not consistently dominated by either DOM fraction, our results suggest the best method to reduce bioconcentration of metals is to secure composts that are sufficiently mature (e.g., relatively high HA:FA ratio) and low in metal content.
While urban gardens are not generally regarded as toxic zones, four of the five urban gardens studied were contaminated with at least 1 metal above the CCME (2006) agricultural limit. Screening level risk evaluation revealed that consumption of green bean and lettuce leaves, but not carrot roots, grown in some soils posed a potential human health risk for at least 1 metal, though some soils were considered safe by CCME standards. The majority of potential health risks occurred in soils amended with 25% Each value is the mean + SE of 3 replicates. * Denotes a significant difference (p<0.05) from unamended soil within each soil type 'bdl' indicates the metal concentration was below the detection limit. White boxes surrounding experimental soil labels indicate cases in which the BCF was higher in the 25% compost mixture compared to the unamended soil; grey boxes indicate a decrease in BCF with addition of 25% compost. Each value is the mean + SE of 3 replicates.
* Denotes a significant difference (p<0.05) from the unamended soil. 
